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SUMMARY
Sensorless control of the synchronous reluctance motor has been a topic of research for
more than a decade, producing several successful methods to accomplish this goal. However,
a technique that has been overlooked is the full-order nonlinear observer, which is essentially
a software model of the motor driven by measurements from the actual motor.
Presented in this thesis is the design, implementation, and experimental testing of a
full-order observer-based sensorless control technique which requires only the phase current
and voltage measurements that are typically available in standard three-phase inverters.
A technique is also presented for calculating a table of observer feedback gains param-
eterized only by the steady-state motor speed. This allows a gain-scheduling observer to
be implemented which, as shown using experiments, improves the transient response of the
observer over a wide speed range.
The sensorless controller consists of a full-order nonlinear observer coupled with an
input-output linearization speed controller. The resulting controller was implemented in
Simulink and executed on a dSPACE DS1103 real-time DSP board using the Real-Time
Workshop extension to Simulink. A custom built three-phase IGBT inverter was used to
interface the DSP to a 100 watt synchronous reluctance motor for laboratory testing.
The resulting sensorless controller was able to successfully track a varying speed reference
from 150 rpm to 1800 rpm with a tracking error under 5% for most of the speed range.
At the lowest speeds, the tracking error begins to increase but the observer remains stable




The synchronous reluctance (syncrel) machine was invented by Danielson in Sweden in 1900
as an attempt to improve the power factor of the induction machine [4]. At the time, the
machine was called the “self-starting synchronous machine” because of the ability to start
from line current and lock into synchronous speed. These machines were built by modifying
the induction machine rotor to introduce magnetic saliency, usually by removing rotor teeth.
The motor soon became known as the synchronous induction machine and saw widespread
use in the textile industry.
This machine was largely ignored by the research community until the late 1980s when
the syncrel machine, in a form without an induction motor rotor cage, began to be con-
sidered as a feasible alternative to the induction motor for variable speed drives. It was at
this time that a paper was published by T. A. Lipo entitled “Synchronous Reluctance Ma-
chines - A Viable Alternative for AC Drives” [16]. Lipo made the argument that with the
improved technology in rotor design and current control, a torque density could be achieved
with synchronous reluctance machines to rival the induction machine. He then challenged
the reader to explore the “exciting new possibilities” offered by the syncrel machine.
Since then a variety of research has been conducted involving the syncrel motor, with
a large portion focusing on sensorless operation. Sensorless control provides the ability to
operate a motor using a closed-loop control system but without the need for a physical shaft
position and/or speed sensor. This is advantageous in applications where the cost of the
sensor, its wiring, and/or maintenance is prohibitive.
The syncrel machine is well suited to the use of sensorless control. Since there are
(normally) no rotor windings or rotor cage in this type of motor, there are no unmeasurable
currents (as there are in an induction motor) which must also be estimated. The syncrel
motor also exhibits rotor saliency, necessary to produce reluctance torque, which causes the
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motor inductance to be dependent on the shaft position and provides a way of sensing the
motor position from the motor currents. In short, the syncrel motor is both a good motor
and a good sensor. As a result, a variety of techniques have been developed for sensorless
control of syncrel machines.
There are five principle methods available in the literature for estimating the rotor speed
and/or position without a shaft sensor. The first method is the use of some type of probing
pulse or measurement technique to determine the state of the rotor. For example, the
technique presented in [1] takes advantage of the position dependent inductance and the
coupling of the stator phases by extending the zero crossing of each current and injecting a
DC current (in the dq reference frame) into two of the phases while measuring the voltage
induced in the third phase.
Similarly, in [18] a probing technique dubbed INFORM (indirect flux detection by on-
line reactance measurement) is used to determine the rotor position by subjecting the motor
to a test voltage and observing the behavior of the current. To perform this measurement,
however, the control software must disconnect the inverter from the normal task of powering
the motor in order to run the diagnostic cycle.
To avoid that drawback, the authors of [5] adapted a high-frequency current injection
technique, previously used with induction motors, to the syncrel motor. In this method,
a high-frequency current is introduced by the current control loop and the effects on the
terminal voltage are demodulated to produce a position estimate.
The second principle method, explored in [11], is to determine the speed and position by
analyzing the voltage present on the neutral point of a wye-connected motor. An obvious
drawback to this approach is that the motor must be connected as a wye and the neutral
point must be accessible.
A third principle, used in [5] and [12], estimates the stator flux vector by integrating
the difference between the motor terminal voltage and the stator resistance voltage drop.
From this the rotor position can be derived. This technique works best at higher speeds
where the back emf, or speed voltage, is significant. It also requires measurement of the
motor terminal voltage.
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Another principle method takes advantage of a side-effect induced by using a PWM
inverter to deliver power to the motor. Since the inverter is delivering a square wave to an
inductor, a ripple results in the motor current at the frequency of the PWM switching. By
analyzing this ripple, as in [7], [17], and [18], the motor position can be derived because
the amount of ripple will vary with the position dependent inductance. To obtain accurate
measurements of the ripple in the current, however, measurements must be taken at a
frequency at least twice as high as the PWM switching frequency.
Finally, in [6], a more control theoretic approach is taken and an adaptive controller
is designed which considers the speed and position of the rotor as parameters to estimate.
Although the authors targeted the permanent magnet synchronous motor in their develop-
ment, it is applicable to the syncrel motor as a special case.
However, there is another technique that has been applied to other types of motors but
has not yet been implemented for a synchronous reluctance motor. This approach is to
use a full-order nonlinear observer to create a software model of the motor that is driven
by measurements of the voltages at the terminals of the actual motor, as was done for the
permanent magnet synchronous motor (PMSM) in [8]. However, a syncrel motor produces
torque in a fundamentally different way than a PMSM and the success of this technique for
a syncrel cannot immediately be predicted from this previous work.
This thesis explores the design and implementation of this technique and demonstrates
successful operation in the laboratory using a 100 watt syncrel motor. Chapter 2 pro-
vides background information by describing the physical construction and the mathematical
model of the syncrel motor. Using that model, Chapter 3 presents designs for an input-
output linearization speed controller, nonlinear observer, and a sensorless controller built
from them. Chapter 4 describes the laboratory setup, including inverter design and software
architecture. Finally, Chapter 5 presents the experimental results.
3
CHAPTER II
THE SYNCHRONOUS RELUCTANCE MOTOR
2.1 Introduction
Electric machines typically use one of two different methods to convert electrical energy
into mechanical energy, both of which rely on magnetism. The method used by most motor
types, including DC, AC induction, and permanent magnet synchronous machines, is the
interaction of two magnetic fields, one on the stator and one on the rotor. These two
magnetic fields attract (or repel) each other, producing a torque on the rotor.
Alternately, a motor can be constructed based on the principle that a magnetic field will
exert a force to decrease the resistance to the flow of magnetic flux (known as reluctance).
In other words, the motor is based on magnets attracting metal. In these types of motors,
called reluctance machines, a torque is exerted on the rotor that causes the rotor to rotate in
such a way as to decrease the reluctance to the flow of magnetic flux. These types of motors
do not have an “active” rotor that produces its own magnetic field. They instead have a
rotor that is constructed from cleverly arranged magnetic steel that provides a position
dependent reluctance (known as magnetic saliency).
Using this principle, two major types of reluctance machines have historically been
developed. The first type utilizes a stator that also possesses magnetic saliency and is
called the switched reluctance or stepper motor. These motors are especially common in
computer controlled motion (such as printers) because they can achieve precise positioning
using only open-loop control.
The second type of reluctance machine is the synchronous reluctance (syncrel) motor,
which contains a smooth stator identical to that used in an AC induction motor. Syncrel
motors are primarily AC machines and are usually driven using three-phase AC power. It is
this type of motor that was studied for this thesis and used in the laboratory experiments.
The remainder of this chapter describes the details of the syncrel motor. Physical
4
Figure 1: Three-phase syncrel motor stator.
construction is considered first as the stator and rotor designs are explored. Then the
mathematical model for the motor is presented, first in the abc reference frame and then in
the dq rotor reference frame.
2.2 Stator Construction
The stator of a syncrel machine is the standard smooth polyphase arrangement used in
most modern AC machines. Figure 1 shows the stator from the motor used in the current
research. It consists of 24 slot magnetic steel laminations on which a three-phase full pitch
winding is wound. When a three-phase current is applied to the stator coils, a rotating
flux wave is set up inside the stator. It is this wave that attracts the steel in the rotor and








Figure 2: Basic two-pole rotor.
2.3 Rotor Construction
2.3.1 Basic Principles
The basic design principle for a syncrel rotor is to create a magnetic structure that provides
minimum magnetic reluctance in one direction (called the direct or d axis) and maximum
reluctance in the orthogonal direction (called the quadrature or q axis). To illustrate this
concept, Figure 2 shows an oversimplified two-pole solid steel rotor in two positions along
with a stator coil energized with a DC current, I. In Figure 2a, the rotor is positioned
so that the stator coil is halfway between the d and q axes, providing a non-minimum
reluctance path (due to the larger air gap). Due to the increased reluctance, less magnetic
flux is able to flow and a torque is exerted on the rotor in a direction that will decrease the
amount of reluctance.
In Figure 2b, the torque on the rotor has caused it to rotate so that the d axis is aligned
with the stator coil, producing the minimum reluctance path. In this position, no torque is








Figure 3: Transverse laminated rotor cross-section.
2.3.2 Rotor Designs
Current work on syncrel motors has focused on two similar rotor designs that differ primarily
in construction technique. Both of these rotor designs are derived from the segmented rotor
introduced by Lawrenson in the 1960s [13], [14].
The first type of rotor is the transverse laminated design, which can be manufactured
using standard mass production techniques similar to those used for squirrel cage induction
motor rotors. The individual rotor laminations are stamped out of magnetic steel and
then the stack of laminations, which can be skewed to eliminate stator slot harmonics, is
encapsulated in aluminum. The assembly is then machined down to the final diameter,
resulting in a rotor cross-section such as that shown in Figure 3, which is from the motor
used for this research. The main difference from induction rotor construction is the absence
of end rings, which short circuit the rotor bars of an induction motor rotor.
The other main rotor design is the axially laminated anisotropic (ALA) design. This
design has a similar cross-section to the transverse laminated design but the construction







Figure 4: Axially-laminated anisotropic rotor design.
from the rotor shaft as shown in Figure 4. To construct such a rotor, sheets of magnetic
steel are bent into U or V shapes and stacked together, separated by sheets of lamination
material. This design has, by some reports, produced higher saliency ratios than transverse
laminations, but these motors are difficult to mass produce. At this time, no manufacturer
has taken up this task and all of the ALA motors used for research have been custom built.
2.4 Motor Model
As described above, the motor used in this research is a cageless, transverse laminated, four
pole syncrel motor, which has no windings on the rotor of any kind (field or auxiliary) and
no permanent magnets. A motor of this type produces only reluctance torque as a result
of the saliency of the rotor. Figure 5 is a diagram of this motor showing both the rotor
and the stator. The stator axes (a1, b1, c1, a2, b2, c2) denote the positive direction of the
flux generated by the corresponding coils. The distributed coils of Figure 1 are shown as
concentrated coils in this diagram. However, for the purposes of analysis, they are assumed
to be perfectly sinusoidally distributed. The rotor d axes (d1 and d2) are, as before, aligned





















Figure 5: Syncrel axis labeling.
between the a1 axis and the d1 axis and will be zero when the rotor is perfectly aligned
with phase a.
The coils of Figure 5 can be redrawn schematically, as shown in Figure 6, to illustrate
the phase voltage connection. In this diagram, windings a1, a′1, a2 and a
′
2 are connected in
series and combined into a single phase a winding with a voltage va across it and a current ia
through it. This current flows through the individual windings of Figure 5 in the directions
indicated. The same relationship exists for the other two windings. Note that, although the
windings are shown with a wye connection, the model presented in the following sections















Figure 6: Syncrel motor coil schematic.
2.4.1 abc Reference Frame
From [10], the voltage equation of the motor in Figures 5 and 6 in machine coordinates is
vabc = Rsiabc + λ̇abc (1)
where vabc is the vector of stator phase voltages, Rs is the stator resistance, assumed to be
constant, iabc is the vector of stator phase currents, and, assuming magnetic linearity, the
vector of flux linkages, λabc, is defined as
λabc = L(θ) iabc (2)
where θ is the mechanical position of the rotor, measured from the a1 axis in Figure 5 and
L(θ) is the position dependent stator inductance.
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where Ls is the average stator self-inductance, Ms is the average stator mutual inductance,
Lm is the variation in stator inductance due to rotor saliency, all of which are assumed to
be constant, and N is the number of pole pairs in the motor.









and the mechanical dynamics of the motor are described by the equations
Hω̇ = Te −Bω − TL (5)
θ̇ = ω (6)
where H is the rotor inertia, B is the viscous friction coefficient, TL is the load torque, and
ω is the angular velocity of the motor shaft.
2.4.2 dq Reference Frame
The abc motor model, (1)-(4), is difficult to work with because of the dependence on the
rotor position, θ. In order to simplify the model and remove this dependence, a change of
variables is performed to transform the model into the dq reference frame. This operation
effectively maps the three stator phases onto the d and q axes defined by the rotor. To
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is applied to (1)-(4) using the equation
fdq0 = T (θ)fabc (8)
where fdq0 is a vector of dq0 axis quantities, such as voltage, current, or flux, and fabc is a






where fdq can be voltage, vdq or current, idq. This definition is possible because the motor
in question is a balanced machine, therefore the 0-axis equation can be neglected.
The results of this transformation are the dq axis equations
vd = Rsid −NωLqiq + Ldi̇d (10)
vq = Rsiq + NωLdid + Lq i̇q (11)
Te = N(Ld − Lq)idiq (12)
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where vd and vq are the dq axis voltages, id and iq are the dq axis currents, and Ld and Lq
are defined as








The mechanical dynamics described by (5) and (6) remain unchanged.
Note that the dependence on θ has been completely removed from (10)-(12), yet they
still completely describe the motor under consideration. These equations will be used in





The sensorless control scheme used in this research was designed in two distinct and inde-
pendent parts. First, a nonlinear model-based speed controller was designed, using input-
output linearization techniques, and then a full-order nonlinear observer was designed to
provide an estimate of the rotor speed and position. Each design is based only on the model
of the motor and can operate independently. These two designs are then coupled together
to form a sensorless speed controller.
3.2 Speed Controller
The overall goal of the speed controller is to generate the motor voltage commands necessary
for the motor shaft speed, ω, to track a given speed command, ω∗. To design this controller,
input-output linearization techniques are employed. Input-output linearization is a model-
based nonlinear control design technique that results in a controller which, using state
feedback, cancels the nonlinearities of the plant and meets a given control objective [9]. In













(Te −Bω − TL) (17)
where





















Figure 7: Speed controller block diagram.
Initially, this design is carried out as if the motor shaft speed, ω, and position, θ, as well
as the phase currents, iabc, are available as measurements. Later, the design is modified
to accommodate the restrictions of a sensorless environment, in which ω and θ are not
available.
The speed controller design consists of three components, as shown in Figure 7: a current
control loop, which accepts current commands i∗d and i
∗
q and produces a motor voltage
command v∗dq, a current command calculation, which calculates the current commands
from the torque command, T ∗e , and a speed control loop, which accepts a speed command,
ω∗, and produces a torque command. Also shown in the figure are the reference frame
transformations, T (θ) and T (θ)−1, driven by shaft position, θ, necessary to provide the dq
reference frame in which this controller operates.
3.2.1 Current Loop
Torque is the fundamental quantity produced by a motor. The speed and position of the
motor shaft are simply side-effects of the torque production. Therefore, it is vital to directly
control the torque. This can be accomplished by controlling the current developed in the
motor coils using a current control loop. Considering (15) and (16), the goal of this loop
is to determine vd and vq such that the motor currents id and iq converge to the current
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commands i∗d and i
∗
q . Specifically, this design goal is for the current errors
εd = i∗d − id (19)
εq = i∗q − iq (20)
to converge to zero as
ε̇d = −γεd (21)
ε̇q = −γεq (22)
where γ is a free gain parameter that can be used to make the current converge arbitrarily
fast (within physical limits).
Taking into account the difference in time scales between the mechanical subdynamics
of the motor, (17), and the electrical subdynamics of the motor, (15)-(16), the assumption
can be made that the electrical subdynamics will converge significantly faster than the
mechanical subdynamics. Therefore, the current commands, i∗d and i
∗
q are assumed to be
constant and (21) and (22) become
i̇d = γ(i∗d − id) (23)
i̇q = γ(i∗q − iq) (24)
Substituting (15) and (16) for i̇d and i̇q and solving for vd and vq, the current controller
equations are obtained:
v∗d = Rsid −NωLqiq + Ldγ(i∗d − id) (25)
v∗q = Rsiq + NωLdid + Lqγ(i
∗
q − iq) (26)
where vd and vq have been renamed v∗d and v
∗
q to represent the fact that they are commands
to the motor. In each of these equations, the first two terms on the right hand side and the
inductance parameter in the third term serve to cancel the nonlinearities of the electrical
subdynamics and, as such, are the input-output linearization terms for this control loop.
3.2.2 Torque Control
The stated goal of the previous section was to control the torque produced by the motor.
That goal, however, was not entirely accomplished. Instead, a control loop was designed
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to control the direct and quadrature axis currents, not the torque. The torque produced is
related algebraically to those currents by (18). Therefore, given a desired torque, (18) can
be solved, non-uniquely, for the current commands. However, since one torque command
must produce two current commands, a degree of freedom is available to make this decision
optimally. The optimization chosen for this research is the maximum torque control (MTC)
strategy described in [2] which provides maximum torque per ampere of current. This












The design up to this point now permits the assumption that the motor and current con-
troller provide an ideal torque source for the speed loop design, allowing the design to only
consider (17). The design goal is for the motor speed, ω, to converge to the speed command,
ω∗, such that the error
εω = ω∗ − ω (29)
converges to zero as
ε̇ω = −kεω (30)
where k is another free gain parameter that can be used to make the speed respond arbi-
trarily fast.
Substituting (17) and (29) into (30) and solving for Te yields the speed control loop
equation:
T ∗e = Bω + TL + H(k(ω
∗ − ω) + ω̇∗) (31)
where Te has been renamed T ∗e as a command to the torque/current control loop. As in the
current control loop, the first two terms on the right hand side and the inertia parameter
in the third term are the input-output linearization terms used to cancel the nonlinearities
































Figure 8: Sensorless speed controller block diagram.
3.3 Sensorless Speed Control
The speed controller design just completed is for a sensor-based speed controller operating in
the dq reference frame. To interface this controller with the motor, the motor currents must
be transformed into the dq reference frame and the commanded motor terminal voltages
must be transformed back into abc, as shown in Figure 7, using the equations:
idq0 = T (θ)iabc (32)
v∗abc = T (θ)
−1v∗dq0 (33)
Note that the zero sequence component is zero for the balanced case and is not shown in
the diagram. Although not needed for this controller, measurements of the motor voltages
could be transformed into the dq reference frame using the equation
vdq0 = T (θ)vabc (34)
If the controller is operated in a sensorless environment, however, the rotor speed, ω,
and position, θ, are unavailable. As a result, neither the controller itself, (25), (26), and
(31), nor the reference frame transformation, (32) and (33), can be evaluated.
Instead, an observer is used, as shown in Figure 8, to provide estimates of the rotor
speed, ω̂, and position, θ̂, from which an estimated dq reference frame, denoted dq, can be
created. To create this dq frame, (32) and (33) become
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īdq0 = T (θ̂)iabc (35)
v∗abc = T (θ̂)
−1v̄∗dq0 (36)
where the bar notation is used to indicate values in the dq reference frame. In addition,
the measured motor terminal voltages, vabc, must also be transformed into the dq reference
frame to generate, v̄dq, which is used to drive the observer. Therefore (34) becomes
v̄dq0 = T (θ̂)vabc (37)
Using the estimates provided by the observer, the speed controller for the sensorless case
becomes
T ∗e = Bω̂ + TL + H(k(ω











v̄∗d = Rsīd −Nω̂Lq īq + Ldγ(i∗d − īd) (41)
v̄∗q = Rsīq + Nω̂Ldīd + Lqγ(i
∗
q − īq) (42)
which can be implemented.
3.4 Full-Order Nonlinear Observer
The final step in the design process is to develop the equations for the observer shown in
Figure 8. The goal of the observer is to generate estimates of the motor speed, ω̂, and
position, θ̂, using only the measurements of the motor terminal voltage, v̄dq, and motor
phase currents, īdq, as inputs.
Because of the coupled nature of the d and q axis equations, the presentation of the


















One approach to an observer might be to take a simulation approach and simply drive
the motor model equations, (15)-(18), with the measured motor terminal voltages, v̄dq, and
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use the resulting states as an estimate of the motor speed and position. This approach
would yield the observer:




(N(Ld − Lq )̂idîq −Bω̂ − TL) (44)
˙̂
θ = ω̂ (45)
where îdq, ω̂, θ̂ are the estimates of the motor states idq, ω, and θ.
However, since this observer does not incorporate a mechanism to control the estimation
errors, errors due to noise, limited precision, or inaccurate parameters will accumulate and
cause the estimates to be inaccurate and unusable. This design also neglects an additional
source of information about the state of the motor, the current measurements, īdq, and
would require accurate initial conditions. Therefore, an improvement would be to use the
error between the estimated currents, îdq, and the measured currents, īdq, to adjust the
observer estimates. This estimated current error vector is defined as
êdq = îdq − īdq (46)
and, along with gain parameters, is coupled to the observer to produce the final observer
equations:




(N(Ld − Lq )̂idîq −Bω̂ − TL)−Gω êdq (48)
˙̂








is the set of observer innovation gains with Gdq ∈ <2×2, Gω ∈ <1×2, and Gθ ∈ <1×2.
3.4.1 Error Dynamics
One of the most important characteristics of an observer is the stability of the error dy-
namics. The estimation error must converge to zero rapidly in order for the estimates to
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eω = ω̂ − ω (52)
eθ = θ̂ − θ (53)
Substituting (5)-(6), (10)-(12), and (47)-(49) into the time derivatives of (51)-(53) yields
the observer error dynamics
ėdq = L−1
[
(e−JNeθ − I)vdq −Rsedq − JNL(eωedq + ωedq + idqeω)]
−Gdq
[






[N(Ld − Lq)(edeq + ideq + iqed)−Beω]−Gω
[
edq + (I − e−JNeθ)idq
]
(55)
ėθ = eω −Gθ
[
edq + (I − e−JNeθ)idq
]
(56)
where I is the identity matrix. Note that these equations include the state variables of the
motor and, therefore, are dependent on the motor operating point. Note also that these
nonlinear equations have an equilibrium point at the origin.
The e−JNeθ terms in (54)-(56) are a consequence of the estimated reference frame in
which the observer operates. Combining (32) and (34) with (35) and (37), the relationship
between the true and the estimated reference frame quantities can be expressed as:
v̄dq0 = T (θ̂)T (θ)−1vdq0 (57)
īdq0 = T (θ̂)T (θ)−1idq0 (58)
where




Viewing the dq reference frame as a two-dimensional space, these equations show that the
estimated reference frame quantities are “rotated” in this space by the position error, eθ.
That is, the error in the knowledge of the true reference frame causes some of the value of
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īd to be incorrectly added to (or subtracted from) īq during the transformation from the
abc reference frame to the dq reference frame. This error is accounted for by the e−JNeθ
quantities in (54)-(56).
Because of the nonlinearities involved, further direct analysis of (54)-(56) is difficult. It
is possible, however, to linearize about zero error to yield the equations
˙̃eo = (Ao −GCo)ẽo (60)
ẽo =
[
































1 0 0 −Niq
0 1 0 Nid
 (63)
which are also dependent on the operating point of the motor. The tilde notation indicates
linearized quantities.
Because of this dependence on the operating point of the motor, it is quickly evident
that the matrix Ao − GCo will not be full rank for zero speed operation, when all of the
motor states become zero. Therefore, it cannot be used for position control or at speeds
approaching zero.
Using the observer error linearization (60), Lyapunov’s indirect method can be applied
to the observer. As a result, if the gain G can be chosen so that the eigenvalues of (60)
are in the left half plane, the observer error dynamics can be guaranteed to be locally
asymptotically stable [9] and the observer estimation error will converge to zero. However,
this result only applies to the observer in isolation and does not consider the rest of the
closed loop system.
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3.4.2 Observer Gain Selection
The observer feedback gain, G, defined in (50), must, at a minimum, be chosen so that the
eigenvalues of Ao−GCo in (60) are in the left half plane in order to guarantee local stability.
However, there are many possible values of G that will fulfill this goal, including, for this
specific experiment, G = 0, but which result in poor performance and limited regions of
convergence. Therefore, it is desirable to choose G optimally.
One technique used for optimal gain selection is linear quadratic optimization, which





(xT Qx + uT Ru)dt (64)
where Q and R are design parameters that specify the trade-off between speed of convergence
and control effort. To find the gain that will minimize F (u), the algebraic Riccati equation
ATr S + SAr − SBrR−1BTr S + Q = 0 (65)
is solved for S, where Q and R are the design parameters. The gain, K, is then determined
by
K = R−1BTr S (66)
This technique is implemented in the lqr command provided by the MATLAB control
systems toolbox.
Using this technique to find the observer gain requires use of controller-observer duality
which yields the system matrices
Ar = ATo (67)
Br = CTo (68)
where Ao is defined in (62) and Co in (63). Once (65) and (66) are solved to determine the
controller gain, K, the observer gain, G, is then found, again using duality, by
G = KT (69)
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The problem specific design parameters, Q, used to determine speed of convergence,






0 1τeq 0 0
0 0 βτm 0







where τed = LdR is the electrical time constant for the d axis, τeq =
Lq
R is the electrical time
constant for the q axis, τm = HB is the mechanical time constant, α is a design parameter that
determines the aggressiveness of the convergence, and β is a design parameter that increases
the weight on the convergence time of the speed error. The structure of this matrix (with
α = β = 1) serves to cancel the time-scale difference between the electrical and mechanical
subdynamics of the observer, thereby causing them to make equal contributions to the cost
function, (64). The α design parameter is then used to decrease the convergence time and β
is used to add additional weight to the convergence time of the speed estimation error, eω,
decreasing it further and resulting in more aggressive gains, Gω. For the present experiment,
choices of
α = 106, β =

100 if 30π Ω < 150
30
π Ω− 50 if 150 ≤
30
π Ω ≤ 550
500 if 30π Ω > 550
(71)
provide good results, where Ω is the steady-state design speed.
To proceed with the calculation of G, numeric values for Ao and Co are required. How-
ever, examining (62) and (63), Ao and Co are dependent on the state of the motor. Therefore
a steady-state design speed, Ω, must be chosen and the steady-state values Id, Iq, Vd and





Iq = Id sgn(Ω) (72)
Vd = RId −NΩLqIq Vq = RIq + NΩLdId (73)
These values were then substituted into Ao and Co in place of ω, id, iq, vd, and vq. Note that
these equations assume that the currents will be equal in magnitude (not a valid assumption
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in general). This condition is enforced by the torque to current calculation in (39) and (40).
The end result of this process is a method to calculate the optimum observer gains for
a given steady-state speed, Ω. This speed is used to find the motor steady-state, using
(72)-(73), which is substituted into (62) and (63) to find the numeric values of Ao and Co.
These values are used to find Ar and Br using (67) and (68) so that the MATLAB lqr
command can be used to find the solution, S, of (65), from which G is determined by (66)
and (69).
For more information on linear quadratic optimization, see [15] and the documentation





The next step in this research was the laboratory implementation of the sensorless controller
designed in the previous chapter. A block diagram of the architecture is shown in Figure 9
and explained throughout the remainder of this chapter. As shown in the figure, the entire
control design, with the exception of the inverter and the motor itself, was implemented in
software using a real-time DSP and a personal computer.
4.2 Software Architecture
The controller algorithms and supporting software were implemented using the Simulink®
simulation language from The MathWorks, Inc. This allows both simulation directly in
Simulink and automatic building of real-time DSP code using the Real-Time Workshop.
Since the code-base is the same for both operations, two separate implementations of the
controller are not required.
The real-time DSP code built using the Real-Time Workshop was executed on a dSPACE
DS1103 DSP board installed in the host PC. This code consists primarily of the previously
developed sensorless control algorithm and a test executive. The test executive provides
support for setting experimental initial conditions, executing startup algorithms, generating
command signals, and triggering data collection.
A major feature of the software designed for this experiment is the ability to automati-
cally execute a sequence of tests, using various initial conditions, controller commands, and
controller options, and save the resulting data for further analysis. This feature is pro-
vided, in part, by the test executive located in the real-time code. The remaining portions
are provided as MATLAB scripts that execute on the PC and communicate with the code



































Figure 9: Laboratory implementation block diagram.
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rapid collection of large amounts of experimental data covering a wide range of possible
controller commands and options. For example, one test script allows the collection of a
set of experimental data for every 100 rpm from 500 rpm to 1500 rpm for both the online
(observer estimates used for control) and offline (observer executes in parallel but sensor
measurements are used for control) configurations with no human interaction other than to
approve the results of each test. This approach eliminates the mistakes that easily occur
when data of this type is collected.
To communicate with the rest of the experimental setup, the DS1103 provides PWM
signals which are used to control the inverter, and analog inputs, two of which are used
to measure the motor phase currents and three are used to measure the motor terminal
voltages, through a low-pass filter. The DS1103 also provides an encoder interface so that
the actual rotor position can be measured and used for sensor-based control or monitoring
of sensorless control.
To obtain a velocity measurement from the position data provided by the DS1103 en-
coder interface, a least-squares-fit velocity estimator from [3] is used. This algorithm, im-
plemented as a digital FIR filter, performs an nth order polynomial fit to the last m points
of data, where n = 1 and m = 2 in this implementation, and uses the derivative of the
polynomial to determine the current velocity. This algorithm produces significantly better
results that a simple first-backward-difference derivative, especially for the case where the
period between encoder pulses is approximately the same as the sampling period for the
digital controller implementation.
4.3 Inverter
A three-phase voltage-source inverter is used to generate the motor terminal voltages, vabc,
from the inverter command voltages, v∗abc, which are encoded as PWM signals from the
DS1103. The inverter was custom designed and built specifically for this experiment. As
shown in Figure 10, it consists of six IRG4BC30UD IGBTs, each containing an ultrafast
antiparallel diode, that are driven by an IR2131 gate driver chip, both from International
Rectifier. The driver chip accepts TTL logic level inputs and provides voltage isolation,
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dead time, and, using a charge pump, appropriate voltages to turn on the high-side IGBTs.
Figure 10 also shows that Hall effect current sensors are used to unobtrusively measure
the current in phases a and b. These signals are then amplified, to take full advantage of
the analog-to-digital converter resolution, and provided as analog inputs to the DS1103.
The phase c measurement is not required as the test motor is wired in a wye connection
and, therefore, the currents must add to zero. Measurements of the motor phase voltages
are acquired through low-pass-filters, which remove the PWM carrier signal, and provided
as analog inputs to the DS1103.
The bus voltage supply for the inverter is provided by a linear DC power supply available
in the laboratory. A complete inverter schematic diagram can be found in Appendix A.
4.4 Motor
The motor used in the experiments was a 100 watt synchronous reluctance motor custom
built by Motorsoft (part number 2611) for this project. The motor features an integrated
digital encoder for position measurements, a thermocouple for monitoring winding temper-
ature, and a six-wire connection so that experiments can be carried out using alternate
wiring schemes. Detailed mechanical drawings of the motor, including rotor lamination and


































































































































The observer designed for this research is essentially a software model of the motor. As
a result, it is important that the parameters of that model (Rs, Ld, Lq, H, B) be known
as accurately as possible in order for the model to faithfully reproduce the response of
the actual motor. Unfortunately, these parameters can vary with the speed of the motor
via current, especially Lq. For this reason, the model was characterized using online tests
involving all of the supporting hardware.
The first step was to determine the stator resistance, Rs. Under steady-state condi-
tions, with the rotor stationary, the motor can be viewed as in Figure 11. The inverter is
commanded to apply a DC voltage to one of the phases (phase a for this example) and,





The measurement is repeated at each phase and for several different voltages. The results
are shown in Table 1, along with the average values. For the remaining experiments, the











Figure 11: Effective circuit for stator resistance measurement.
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Table 1: Stator resistance measurement results.
Stator Resistance (ohms)
Voltage (volts) a b c avg
3 0.734 0.738 0.727 0.733
4 0.745 0.754 0.729 0.743
5 0.734 0.726 0.719 0.726
6 0.749 0.750 0.714 0.738
Avg 0.740 0.742 0.722 0.735
Next, the remaining motor parameters were determined by using the sensor-based con-
troller to produce a slow ramp up to a given steady-state speed. As an example, the motor
response for 1000 rpm is shown in Figure 12. The steady-state values of vd, vq, id, iq, and
ω, denoted Vd, Vq, Id, Iq, and Ω were determined by taking the average of the last half
of the data shown in the figure. These values were then used to compute Ld, Lq, and B,













where Rs is the value determined in the previous step.
Since H multiplies a derivative in the motor equations, it does not have influence over
the steady-state behavior of the motor. Therefore, to calculate H, a curve fit technique was
used to match the ramp response of the software motor model to the response of the actual
motor.
To fully characterize the motor, the calculations were carried out over a range of speed
values. The resulting calculated parameter values, along with the steady-state measure-
ments, are shown in Table 2. From the data, it can be seen that Lq is the only parameter
that shows a significant dependence on the steady-state operating point. Therefore, the
value of Lq used by the sensorless controller was scheduled based on the speed command,
ω∗, and the other parameters were fixed to the average values shown at the bottom of the





















































Figure 12: Motor speed, ω, current, idq, and terminal voltage, vdq, while executing a
smooth ramp to 1000 rpm. The steady-state values from 0.5 seconds to 1 second are used
to compute the motor parameters.
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Table 2: Motor steady-state values and calculated model parameters.
Steady-State Values Model Parameters
Ω Vd Vq Id Iq Ld Lq H B
(rpm) (volts) (volts) (amps) (amps) (mH) (mH) (kg ·m2) (kg ·m2 · s−1)
198.1 0.1989 0.6434 0.5510 0.5137 11.6 9.7 31×10−6 53×10−6
297.9 0.1376 0.9000 0.6162 0.5814 12.3 8.7 46×10−6 83×10−6
397.7 0.0905 1.1629 0.6740 0.6475 12.2 7.5 56×10−6 99×10−6
497.9 0.0155 1.4404 0.7065 0.6765 12.8 7.1 61×10−6 104×10−6
597.8 -0.0732 1.7123 0.7476 0.7404 12.5 6.7 62×10−6 102×10−6
698.2 -0.1564 2.0111 0.7712 0.7460 13.0 6.6 62×10−6 100×10−6
798.4 -0.2382 2.2948 0.8036 0.7800 12.8 6.4 60×10−6 97×10−6
898.4 -0.3142 2.6299 0.8296 0.8227 13.0 6.0 62×10−6 102×10−6
999.0 -0.4038 2.9264 0.8441 0.8157 13.2 6.0 60×10−6 94×10−6
1099.0 -0.4914 3.2279 0.8619 0.8758 13.0 5.6 61×10−6 98×10−6
1200.0 -0.5507 3.5606 0.8786 0.8363 13.3 5.7 60×10−6 89×10−6
1299.6 -0.6303 3.9436 0.9095 0.9190 13.2 5.2 62×10−6 98×10−6
1400.4 -0.6917 4.2587 0.9167 0.9061 13.4 5.1 58×10−6 93×10−6
1501.0 -0.7731 4.5026 0.9178 0.9175 13.3 5.0 58×10−6 88×10−6
1601.6 -0.8344 4.7867 0.9112 0.9250 13.4 4.8 59×10−6 86×10−6
1702.9 -0.8391 5.1755 0.9390 0.8922 13.5 4.8 58×10−6 82×10−6
1802.4 -0.9216 5.6031 0.9573 0.9710 13.5 4.4 60×10−6 90×10−6




















Figure 13: Calculated observer gains.
5.2 Gain Selection
To implement the sensorless controller shown in Figure 8, the gains γ and k in the speed
controller and G in the observer must be chosen. The speed controller gains, γ and k, were
simply chosen so that the physical limitations of the inverter power supply (current and
voltage limits) were not encountered when performing a 100 millisecond smooth ramp from
0 to 1800 rpm using sensor-based control. These values are
k = 200 γ = 500 (78)
The observer feedback gain, G, defined in (50), is calculated using the motor parameters
determined in the previous section and the method outlined in Section 3.4.2. This calcula-
tion was performed at 50 rpm increments in order to generate a table of gains which were
then scheduled in the observer based on the speed command, ω∗, with linear interpolation
used for speeds between design points. These gains are plotted in Figure 13 to show how
they vary as a function of design speed. The elbow of G32 occurs when the value of β in















Figure 14: Speed command, ω∗, used for testing.
5.3 Sensor-based Control
In order to provide a baseline for evaluating the performance of the sensorless controller, the
sensor-based controller is considered first and is commanded to follow the speed command
shown in Figure 14. This command is slowly varying in order to allow the observer to
converge but it covers a large speed range, from 150 rpm up to 1800 rpm, the mechanical
limit of the test motor. Note that the experiment begins with an initial condition of ω = 150
rpm. More details will be given during the discussion of sensorless control results.
The response of the sensor-based controller is shown in Figure 15. As expected with
sensor-based control, the tracking error is minimal, under 10 rpm for the entire speed range.
It does exhibit a small amount of steady-state error but this can be explained by the use of
only proportional control in the speed regulation controller, (31).
5.4 Sensorless Control
The performance of the observer was evaluated in two different experiments. In the first
experiment, the sensor-based controller was used to control the motor and the observer was
operated offline on the data collected. In the second experiment, the observer was operated
online as part of the closed-loop sensorless controller.
5.4.1 Offline Operation
The first offline experiment was simply to drive the observer with data collected from sensor-
based operation while following a speed command similar to the one shown in Figure 14
























Figure 15: Actual motor speed, ω, and speed tracking error, εω, for the sensor-based
controller.
observer becomes unstable when operated below this speed and cannot track the motor
speed. The observer response to this data is shown in Figure 16. The top plot shows the
estimate of the motor speed generated by the observer, ω̂, which appears almost identical
to the speed command. The middle plot shows the speed estimation error, eω, which is the
difference between the observer’s estimate of the motor speed and the actual motor speed
as measured by the encoder. The speed estimation error is highest at lower speeds, when
less speed voltage is available from which to drive the observer, but the maximum error is
still only about 20 rpm when the actual motor speed is 400 rpm, for an error of about 5%.
The bottom plot in Figure 16 shows the observer position estimation error, which is vital
because the position estimate, θ̂, is used to perform the transformations to and from the
dq reference frame in equations (35)-(37). Inaccurate position estimates result in incorrect
v̄dq values used to drive the observer and incorrect īdq values used to correct the observer.
The maximum position estimation error is approximately 3 degrees.
This experiment, however, does not reveal the transient behavior of the observer, which
is important for studying the effect of the gain scheduling. Therefore, another set of ex-






































Figure 16: Motor speed estimate, ω̂, speed estimation error, eω, and position estimation






































Figure 17: Transient response of the offline observer for an initial speed error of 10% and
a constant motor speed of 1800 rpm (top plot) and 500 rpm (bottom plot). Shown are the
fixed-gain (dotted line) and scheduled-gain (solid line) responses.
sensor-based controller and the observer was initialized with a initial speed estimation er-
ror, eω, of 10% of the motor speed. The transient behavior of the observer was studied for
motor speeds of 1800 rpm and 500 rpm, with and without gain scheduling. For the case
without gain scheduling, the fixed gains were designed for a median speed of 1150 rpm.
The experiment begins after the motor has reached steady-state speed and the position, θ,
is equal to zero, so that the observer position estimation error, eθ, is initially zero.
The results of these four experiments are shown in Figure 17. The top plot shows the
1800 rpm experiment, in which the observer using gain scheduling (solid line) converges
slightly faster than the fixed-gain design (dashed line). In this case, the performance suffers
only slightly with fixed gains. For the 500 rpm experiment, shown in the bottom plot,
however, the difference in performance is more pronounced. The fixed-gain observer exhibits
a slower rise time than the gain-scheduled observer and displays significant overshoot.
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Table 3: Natural frequency, damping ratio, and time constant for the observer transient
experiments.
RPM Experiment ωn ζ τ
1800 fixed-gain 70.37 1.438 0.010
scheduled-gain 57.23 1.044 0.017
500 fixed-gain 16.25 0.470 0.131
scheduled-gain 18.98 0.764 0.069
To help explain these phenomena, plots of the natural frequency, ωn, damping ratio,
ζ, and time constant, τ , of the two dominant observer eigenvalues for the fixed-gain and
scheduled-gain cases are shown in Figure 18. Note the improved performance values, espe-
cially in damping ratio, ζ, of the gain-scheduled observer (solid line) verses the fixed-gain
observer (dotted line). Note that the plots cross at 1150 rpm, the fixed-gain design speed.
The decrease in performance as design speed approaches zero, most noticeable in the de-
crease of ωn, is a consequence of the loss of observability of (Ao, Co) at zero speed. The
values from these plots specific to the conditions of Figure 17 are shown in Table 3.
For the 1800 rpm experiment, the fixed-gain observer has a slightly higher damping
ratio, resulting in the slightly slower response compared to the scheduled-gain observer. In
the 500 rpm experiment, the fixed-gain observer provides much less damping and a slower
time-constant, resulting in the sluggish underdamped response.
These experiments demonstrate that gain scheduling using gains designed using the
linear quadratic method described in Section 3.4.2 can be used to maintain a level of observer
performance over a wide speed range that cannot be duplicated by a single fixed gain.
5.4.2 Online, Closed Loop Operation
Operating the observer offline, as in the previous experiment, demonstrates that the ob-
server provides an effective alternative to an actual hardware encoder, which is typically
used as part of a closed-loop feedback system. However, using the observer as an encoder
replacement in a closed-loop system adds a level of complexity to the system because of the
nonlinear nature of the observer and the controller and the interaction between the two.
This interaction is difficult to predict analytically since the separation theorem from linear



























































Figure 18: Natural frequency, ωn, damping ratio, ζ, and time constant, τ , for the two
dominant observer eigenvalues for fixed gains (dashed line, designed at 1150 rpm) and
scheduled gains (solid line).
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Therefore, an experiment was conducted in which the observer was operated in real-time
and the estimates of speed, ω̂, and position, θ̂, were used directly by the speed controller
in place of the same signals from the encoder. This closed-loop sensorless system is eval-
uated by commanding it to follow the speed trajectory shown in Figure 14. Note that
this trajectory begins at 150 rpm, not zero. Because of the loss of observability at zero
speed and the poor performance at low speeds, the observer cannot be used to control the
motor from stand-still. Instead, another algorithm must be used to get the motor up to
speed. As the goal of this research was to evaluate the observer, not to build a practical,
full-range control system, the sensor-based controller was used to bring the motor to an
initial speed of 150 rpm. Once that speed was reached, the test executive activated the
sensorless controller when the rotor position reached zero degrees. This ability to control
the experimental initial conditions was vital to performing experiments with this observer.
If a practical implementation were sought, some form of open-loop control could be used to
bring the motor into a speed range where the observer could take over.
Figure 19 shows the response of the sensorless controller to this varying speed command.
The first plot shows the actual motor speed while under sensorless control and the second
plot shows the tracking error, εω, which is the difference between the actual motor speed
and the commanded speed from Figure 14. The motor exhibits smooth ramps between
speeds but, during the constant speed portions of the speed command, the motor exhibits
an oscillation in speed. The tracking becomes worse at the lower speeds but this is expected
because of the low speed characteristics of the observer error dynamics.
Figure 19c shows the observer estimation error during this experiment. Comparing this
plot with Figure 19b, observer estimation error is almost entirely responsible for the tracking
error of the overall system. In other words, the speed controller portion of the system is
performing accurately but is hampered by incorrect estimates of the motor state.
Finally, Figure 19d shows the observer position estimation error, eθ. Again, this error
measure is important because the position estimate, θ̂, is used to create the estimated
reference frame, dq, in which the observer and speed controller operate. From the figure,
the observer position estimate is minimal except when the motor speed is low. At the lower
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speeds, the estimated reference frame becomes increasingly inaccurate and this contributes
to the speed estimation error.
Note that the speed command followed during this closed-loop experiment extends down
to a speed of 150 rpm while the open-loop observer exhibited instability at speeds lower
than 400 rpm. This result indicates that operating the observer in a closed-loop system
actually has a stabilizing effect on the observer, allowing closed loop operation at lower


















































Figure 19: Actual motor speed, ω, speed tracking error, εω, speed estimation error, eω,




This thesis has shown that successful sensorless control of a synchronous reluctance motor
can be accomplished using a full-order nonlinear observer which relies only on measurements
of the motor phase currents and terminal voltages. Coupled with a two-loop speed controller
designed using input-output linearization, closed-loop sensorless control was demonstrated
by following a varying speed command from 150 rpm to 1800 rpm. The experiment also
revealed a surprising result in that closing the loop actually stabilized the observer. That is,
the observer maintains accurate estimates of the motor states at lower speeds in closed-loop
operation than when operated offline.
A systematic method for calculating the observer feedback gains has also been presented.
This method is based on linear-quadratic optimization and provides a way to calculate a
table of observer gains based on a single parameter, the steady-state design speed. Using
this table of gains, a gain-scheduled observer was implemented which was shown, through
experiments, to improve the transient response of the observer to estimation error and,
therefore, provide a more uniform response across the speed range.
The resulting sensorless control system performed well when commanded to follow a
varying speed reference, with a tracking error under 5% for most of the speed range. The
performance, while degraded at lower speeds, was adequate for many applications such as
driving pumps or fans. In these applications, the efficiency gain of sensorless field oriented
control, which requires knowledge of the rotor position, over pure open-loop operation
may give the syncrel motor the advantage necessary to become a superior solution for the
application.
As with any research project, ideas and directions for future research have been revealed
over the course of completing this work. A number of which are:
 Improve observer gain calculation to decrease the convergence time.
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 Improve low speed performance.
 Develop a companion algorithm to handle motor startup and handoff to the sensorless
controller.
 Develop an adaptive observer that can also estimate the parameters of the motor.
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